The recovery of calcium carbonate from waste gypsum (a waste product of the reverse osmosis (RO) desalination process) was tested using sodium carbonate. Batch recovery of calcium carbonate from waste gypsum slurries by reacting with sodium carbonate under ambient conditions was used to assess the technical feasibility of CaCO 3 recovery and its use for pre-treatment of acid mine drainage (AMD) from coal mines. The effect of key process parameters, such as the slurry concentration (%) and the molar ratio of sodium carbonate to gypsum were considered. It was observed that batch waste gypsum conversion significantly increased with decrease in the slurry concentration or increase in the molar ratio of sodium carbonate to gypsum. The CaCO 3 recovered from the benchscale batch reactor demonstrated effective neutralization ability during AMD pre-treatment compared with commercial laboratory grade CaCO 3 . J. Mulopo (corresponding author) V. Radebe
INTRODUCTION
Security of water supply has become a key strategic issue for the sustained economic growth of South Africa as it is a water-stressed country (Turpie et al. ) . Although the South African mining sector is one of the critical pillars and drivers of the South African economy, mining activities are also associated with environmental pollution such as acid mine drainage (AMD). AMD is highly acidic water, usually containing high concentrations of metals, sulphides and salts as a consequence of mining activity (Tutu et al. , ) . The major sources of AMD include drainage from underground mine shafts, runoff and discharge from open pits and mine waste dumps, tailings and ore stockpiles (Lottermoser ) , which make up nearly 88% of all waste produced in South Africa. Globally, AMD has been identified as a major environmental problem facing the mineral industry (Ribet et al. ) resulting in serious and sometimes permanent ecological damage. A wide range of AMD treatment technologies has been developed and globally proven and a number of excellent reviews which provide quantitative data in terms of energy consumption, cost, ease of application and technological trends has been published over the years until recently (Ackman & Egiebor & Oni ; Zhuang ). However, in South Africa, very few of these technologies have indeed been successfully considered, with subsequent sludge or brine treatment requirements presenting major draw backs to their widespread commercial application. Recently Anglo Coal South Africa with its partner BHP Billiton has implemented the eMalahleni Water Reclamation Plant using reverse osmosis (RO) to treat coal mines' AMD to potable standards in Witbank, South Africa. The process involves a pretreatment stage where heavy metals are precipitated with calcium carbonate with increase of pH and gypsum precipitation, and then the water from the pre-treatment stage is sent through a series of membranes for desalination purposes. The plant treats about 24,000 m 3 /day of coal AMD water and generates sodium sulphate-rich waste brine and solid waste gypsum. The eMalahleni Water Reclamation Plant recovers potable water from AMD from several mines in the Witbank area and receives its feed water from four coal mines:
The treatment of AMD through the RO process not only serves to significantly reduce the pollution of water sources in the area, but also provides high quality water to the Upper Oliphant Catchment, which suffers from a water shortage. However the eMalahleni Water Reclamation Plant generates about 200 tons/day of waste gypsum and 100 m 3 /day of sodium sulphate-rich brine. There is no doubt that in face of alarming environmental global challenges, AMD technologies of the future will need to integrate the treatment of the waste (sludge and brine) generated to valuable products for sale or recycle. It is in this regard and as part of on-going efforts for cost effective and sustainable AMD treatment technologies that this paper considers the conversion of waste gypsum produced during the pre-treatment stage of the RO process to calcium carbonate, which can be reused for neutralization of acid mine waters.
EXPERIMENTAL Feedstock
Samples of waste gypsum from the AngloCoal Reverse Osmosis eMalahleni plant (Anglo gypsum) were collected for this study. Splits of these samples were subjected to chemical and physical analyses. The data on particle size distribution were obtained by Microtrac S3500 Particle Size Analyser. The waste gypsum has an average particle size of 0.168 mm in diameter. A PW4400, 4.0 KW X-ray fluorescence (XRF) spectrometer was used to identify elemental compositions. Table 1 gives the chemical compositions as determined by XRF analysis.
Equipment
Waste gypsum treatment experiments were carried out batch-wise using a 3 l perspex reactor as shown in the experimental set-up ( Figure 1 ). The reactor had four equally spaced baffles and was equipped with an outer flow jacket. An overhead stirrer equipped with a radial turbine impeller was used for mixing combined with an external recirculation pump. A Hanna HI2829 multi-parameter meter was used to log electrical conductivity, pH and temperature data. A hypodermic syringe was used to draw out sample aliquots from the gypsum reactor. A Perkin Elmer Analyst 700 atomic absorption spectrometer (AAS) and a Varian inductively coupled plasma (ICP) spectrometer were used to analyse for Ca and Na during experiments. A LECO CS200 carbon/sulphur analyser was used for the inorganic carbon analyses.
Experimental procedure
Waste gypsum treatment experiments were carried out by mixing 100 g of waste gypsum with a pre-calculated amount of water and placed in the reactor. The slurry was then mixed for 20 min at ambient experiments or heated up to a predetermined temperature under continuous agitation for experiments above ambient temperature until stabilization. A calculated amount of sodium carbonate corresponding to different molar ratios was introduced into the reactor and reacted for a defined time period. Sample aliquots were collected at predetermined time intervals over the entire reaction period. The collected samples were immediately filtered; the sulphate, calcium and/or Na content was determined by standard analytical procedures as described in Standard Methods for the Examination of Water and Wastewater (APHA ) and In order to compare the neutralizing potential of the produced calcium carbonate vis-à-vis the commercial calcium carbonate, tests were conducted using a stirred beaker filled with 100 ml AMD of composition shown in Table 2 and 200 mg of the neutralizing material (calcium carbonate). The pH was followed through the entire testing period.
RESULTS AND DISCUSSION
The tests were performed to evaluate the effect of selected factors on the waste gypsum conversion to calcium carbonate. Three factors were taken into consideration in the experimental planning: the effect of the slurry content (%), molar ratio of sodium carbonate to gypsum and stirring speed (rpm) as shown in Figures 2 and 3 on the reaction of waste gypsum with sodium carbonate according to reaction 1 below:
As the slurry concentration in the feed is increased (Figure 3) , the conversion of waste gypsum to calcium carbonate decreases. This may be due to the low solubility of gypsum in water and probably to some extent may be due to the change in the viscosity of the reacting mixtures. For a 5% slurry the conversion reaches 98% whereas it only reaches about 60% for a 15% slurry for the same operating conditions (stirring rate ¼ 500 rpm, sodium carbonate/ gypsum molar ratio ¼ 2).
The increase in the sodium carbonate/gypsum molar ratio increases the conversion of waste gypsum to calcium carbonate as shown in Figure 2 . The sodium carbonate/ gypsum molar ratio has a positive effect on the conversion of waste gypsum to calcium carbonate implying that an excess of sodium carbonate is required to maximize the conversion of waste gypsum. For the same operating conditions (slurry concentration ¼ 10%, stirring rate ¼ 100 rpm) the waste gypsum conversion is about 76% for a sodium carbonate/gypsum molar ratio of 2.6 whereas it is only 59% for a ratio of 2 after 120 minutes of reaction. Figure 2 shows as well that as the amount of sodium carbonate used increases, the pH of the reacting mixture increases also and positively affects the reaction between waste gypsum and sodium carbonate. Calcium carbonate in aqueous solution is in equilibrium with carbon dioxide gas according to the overall reaction 2 below:
High pH of the aqueous calcium carbonate system is an advantage as it enhances the stability of calcium carbonate by reducing its dissolution.
Acid mine drainage remediation
We have assessed the quality and the neutralization potential of the precipitated calcium carbonate produced by conversion of waste gypsum using sodium carbonate. Partial treatment, as normally applied to AMD, involves chemical neutralization of the acidity followed by precipitation of iron and other suspended solids, and usually the chemicals used for AMD treatment include limestone and hydrated lime. There are a number of reviews on different treatment methods that have been developed for the treatment of acid mine waters using limestone ( . Usually during neutralization of acid mine waters with limestone the acidity decreases whereas the alkalinity and pH increase. The use of limestone requires that its calcium content be as high as possible to reduce the drawbacks for using limestone which include slow reaction time. In the case of limestone, the neutralization process can be described as the replacement of the undesirable cation components (H þ , Fe 2þ , Fe 3þ ) in AMD by a more acceptable cation, which is Ca 2þ .
The main results of the batch tests performed with the two types of calcium carbonate are presented in Figure 4 . This test allows evaluation of the influence of the composition of the limestone. There is a rapid increase of pH during the first 2 min from 3.2 to 5.6 for commercial calcium carbonate and to 4.5 for calcium carbonate produced by treatment of waste gypsum with sodium carbonate. Then a difference in the neutralization potential between these two calcium carbonates is monitored. However, both solutions reach a pH of 6.9 after 60 minutes. These results confirm that the neutralizing potential of the produced calcium carbonate is comparable in the long run to that of commercial calcium carbonate, although the calcium and inorganic carbon content of the produced calcium carbonate is slightly lower than that of commercial calcium carbonate as shown in Table 3 .
CONCLUSIONS
The batch regeneration of CaCO 3 from waste gypsum slurry using sodium carbonate in a bench-scale reactor under ambient conditions has been demonstrated to be significantly dependent on the slurry concentration (%) and the sodium carbonate/gypsum molar ratio. Overall, this study has shown that the optimum reaction conditions during waste gypsum treatment for calcium carbonate recovery in the RO desalination process require low slurry concentration and an excess of sodium carbonate. This study further demonstrated that the regenerated CaCO 3 exhibits effective neutralization ability during AMD pre-treatment compared with commercial laboratory grade CaCO 3 . The use of RO desalination plants has the potential to adversely affect the environment through the discharge of waste gypsum and brine. In South Africa, the cost of potable water produced using the RO process is about US $2 per cubic meter which is significantly higher than the cost of water offered by a conventional bulk water supplier (US $0.8 per cubic meter). The recovery of calcium carbonate from waste gypsum represents an opportunity to alleviate the high cost of the overall RO process and may provide a platform to improve the environmental efficiency of the process. Laboratory-scale bench batch tests have shown that there is some potential for recovering calcium as carbonate. However, the commercial implementation of the process will require continuous operation. Future works will consider the continuous process investigations and the optimization of the gypsum conversion with respect to the limitations imposed by the relative solubilities of gypsum, sodium carbonate and sodium sulphate.
